I
NFORMATION ON CHANGES in the relative amounts and distribution of phosphorus forms (inorganic, organic, and available) in the soil profile with cultivation is fragmented. Thompson et al. (1954) measured a decrease in the inorganic and organic P content of 25 surface (0-15 cm) soils from Iowa, Texas, and Colorado, with cultivation. Similarly Adepetu and Corey (1977) reported that 25% of the organic P content of the surface of a Nigerian soil was mineralized during the first two cropping periods following cultivation. In contrast, Voykin et al. (1976) found that cropping with fertilizer P application increased the content of all forms of P. No uncropped controls were included, however. In general, most studies have involved only surface soil effects, have investigated only short-term changes, have had no uncultivated controls, or have been restricted to specific geographic areas. In addition, public interest is now focusing on the effect of erosion on soil fertility and productivity (Langdale and Shrader, 1982) . Although soil erosion is a major problem in many agriculturally important areas of the USA, little specific information is available on its effect on either the short-or long-term fertility and productivity of agricultural soils. This lack of information on the effect of long-term cultivation, associated fertilizer P application, and surface soil erosion on the distribution of P forms in the soil profile, prompted this study. Earlier, the distribution of nitrogen forms in eight virgin soil profiles and their cultivated fertilized analogues from different U.S. cropping areas was studied by Smith and Young (1975) , who found the chemical pattern of organic N forms in the virgin soils tended to be preserved upon either a gain or loss of original N. These soils are used in the present study to compare the distribution of P forms. The various soil properties determined in this and the previous study (Smith and Young, 1975) provided data adequate to estimate the effect of sheet erosion on the fertility of the cultivated soils.
EXPERIMENTAL Materials
The classification, location, and available management history of the selected soils are presented in Table 1 . The cultivated sites represent average to above-average management treatments for each locality. All sites were on level areas, in order that any prior changes in soil properties due to erosion and/or deposition would be minimal. Virgin and cultivated soils were sampled on the same day by taking 2.5-or 7.5-cm diameter cores (generally three) at each site in 15-cm increments to a 90-cm depth. In the case of the Caribou virgin and Fargo virgin 
Methods
The total and inorganic P contents of the soils were determined by extraction of ignited and nonignited samples, respectively, with 0.5M H2SO4 (Walker and Adams, 1958) . Organic P content was calculated as the difference between total and inorganic P. Plant-available P content was determined by the Bray-I procedure, where 1 g of soil was extracted with 20 mL of 0.03N NH 4 F and 0.025N HCI for 5 mm (Bray and Kurtz, 1945) . The extracts were centrifuged (27,160 g for 5 mm) and filtered (0.45 Am). The amount of P sorbed, x(Lg/g), from one addition of 150 mg P/100 g of soil (added as K 2HPO4), after end-over-end shaking for 40 h at a water to soil ratio of 100:1, was determined. The P sorption index was calculated using the quotient x/log C, where C is the solution P concentation (/g/ mL) (Bache and Williams, 1971 ). This quotient was highly correlated with P sorption maximum calculated from a Langmuir sorption plot for a wide range of soils (Bache and Williams, 1971 ). It thus reflects the number of unsatisfied P sorption sites on a soil and amount of added fertilizer P that becomes relatively unavailable through sorption by soil material. For all samples the concentration of P was determined colorimetrically on filtered samples by the molybdenum-blue method (Murphy and Riley, 1962) . Acid or alkali filtrates were neutralized prior to P determination.
Exchangeable potassium content of the soils was determined by extraction with neutral IN ammonium acetate (NH40Ac) and flame photometry (Pratt, 1965) . Cation exchange capacity (CEC) was calculated as the sum of potassium, calcium, sodium, and magnesium in the NH 40Ac extract, using flame photometry. Nitrogen forms, organic carbon, and pH were determined previously by Smith and Young (1975) . Autoclavedistillable N (Smith and Stanford, 1971) was used as an index of mineralizable N. All analyses were carried out in duplicate.
RESULTS AND DISCUSSION
Total, Inorganic, and Organic P
The total P content of the upper 45 cm of Caribou, Keene, and Reakor soils was increased by cultivation and associated fertilizer P application (Fig. 1) . In contrast, the total P content of virgin Leeper and Webster soils (2,070 and 2,780 kg/90-cm depth, respectively) was greater than that of their cultivated analogues (1,140 and 1,860 kg/90-cm depth, respectively). Little effect of cultivation on total P content was observed for Dundee, Fargo, and Houston Black soils or subsoils of most sites (Fig. I) . The effect of cultivation on inorganic P content was similar to that of total P content, except for the "manured" Keene soil (Fig. I ). This may be due to the fact that the major proportion of P in Caribou, Dundee, Fargo, Houston Black, and Reakor soils was inorganic (63 and 77% averaged for the virgin and cultivated soils, respectively). In the Keene and Leeper soils organic P content constituted the major form (74 and 88% averaged for the virgin and cultivated soils, respectively).
The organic P content of all soils except Keene was lower in the cultivated site compared to the virgin analogue (Fig. 1) . This decrease is consistent with an organic P decrease in soils from Nigeria (Adepetu and Corey, 1977) and Iowa (Thompson et al., 1954 ) following cultivation. As was the case for the other P forms, the effect of cultivation was restricted to the upper 45-cm soil profile. A general decrease in the proportion of P present in the organic form was apparent with profile depth, for both virgin and cultivated soils.
Unlike the other soils, no reported fertilizer P has been applied to the Dundee soil (Table 1 ). The growth of cotton on this delta soil for 60 years has had no appreciable effect on the total or inorganic P content. However, a decrease in the organic P content of the cultivated (93 g P/g) compared to the virgin (223 j ug P/g) surface soil (0-15 cm) was measured. Mineralization of organic P has, therefore, replenished the inorganic P pool. In the surface 15 cm of the other soils, mineralization of organic P amounted to 5, 73, 77, 39, 21, and 330% of that added as fertilizer during the period of cultivation for Caribou, Fargo, Houston Black, Leeper, Reakor, and Webster soils, respectively. On a whole profile basis, mineralization contributed an even greater amount of P to the pool of available P (8, 70, 99, 66, 23 , and 598% of fertilizer P added, respectively). The importance of organic P, particularly labile organic P, as a source of plant-available inorganic P in grasslands has been recognized (Halm et al., 1972; Cole et al., 1977) .
The change in organic P content with depth and cultivation was similar to that observed for the N and organic C content of these soils (Smith and Young, 1975) . Consequently, the total N/organic P ratio of all soils except Caribou, Fargo, and Houston Black was fairly constant, with an average value of 3.5 ± 1.4 for both virgin and cultivated soils (Fig. 1) . Although Walker and Adams (1958) measured a decrease in N/organic P ratio down the profile of several unfertilized soils in New Zealand, no consistent decrease was obtained in our study. This may be due to the removal of P from the surface soil with cultivation, which was not replenished by fertilizer P application to the New Zealand soils.
Comparison of the average P content of the eight soils showed that cultivation increased the inorganic but decreased the organic P content (Table 2 ). This was true for both surface soils (0-15 cm) and whole profiles, although the cultivation effect was more dramatic in the surface horizon. This is consistent with the fact that inorganic P is relatively immobile in most soils and will be concentrated in the surface horizon.
Available P and P Sorption Capacity
The available P content in the surface of all the cultivated soils was greater than that of their virgin analogue, except for Dundee (Fig. 2) . The increase in available P content may be attributed to the mineralization of organic P and addition of fertilizer P during cultivation. The appreciably greater available P content of the cultivated compared to virgin Caribou soil (Fig. 2) results from the fact that a much greater amount of fertilizer P has been applied to this soil during cultivation (2,470 kg P/ha) than to the other soils (110-575 kg P/ ha). Designate significance (n-8) at 5, 2.5, and 1% levels, respectively. t Difference between P content of cultivated and virgin soils.
1 PF represents the amount of fertilizer P added; VSI, sorption index; YAP, available P; VOP, organic P; VIP, inorganic P; and VTP, total P content of the virgin soil. Units of input data are kg/ha. S Surface soil is 0-to 15-cm depth and profile is 0-to 90-cm depth. ¶ Available P is represented by Bray-I P. The P sorption indices of the virgin soils were greater than their cultivated analogues except for Dundee soil, where P sorption indices were similar (Fig. 2) . This indicates that the sorption of added fertilizer P by soil material reduced the number of unsatisfied P sorption sites. The P sorption index of both the virgin and cultivated sites was similar below the 60-cm depth (Fig. 2) . When the P sorption indices of the eight soils were averaged, cultivation was found to significantly decrease this index ( Table 2) .
As noted in Table 1 , complete fertilizer P application rates were not known, but using the available data, stepwise multiple regression analysis was carried out to determine which factors were most important in changing the content of P forms with cultivation and fertilizer P addition ( Table 3 ). The change in content of P forms in the surface soil (0-15 cm depth) and profile (0-90 cm depth), with cultivation and fertilizer P application, was closely correlated with the P content of virgin soil and the total amount of fertilizer P added during cultivation ( Table 3 ). The change in P content was calculated as the difference between amounts in cultivated and virgin analogues. No significant relationship was obtained for the change in the available P content of surface soil. The remaining relationships were highly significant, even though different climatic regions were considered and P uptake by crops was not included.
The regression equations indicate that the amounts of the various forms of P in the virgin soils had a greater effect on their change with cultivation than fertilizer P application (Table 3) . This was true for all P forms excluding total P content of the soil profile. In this case the fertilizer P factor was close to 1 ( Table 3 ), indicating that most of the fertilizer P added (90%) during cultivation remained in the soil profile, which is consistent with the rapid sorption of P by soil material. The fertilizer P factor for the surface soil, however, was lower than that for the soil profile ( Table 3 ), suggesting that fertilizer P may have been incorporated during addition or moved below the surface 15-cm depth and that crop uptake of P was more active in this surface zone than in the lower profile.
In the case of available P content, P sorption index was the most important factor controlling its change during cultivation. The negative factors in the regression equation for organic P change indicate that cultivation will decrease the organic P content of the soil. As the fertilizer P factor is positive, application will decrease the change in organic P. The intercepts of the regression equation for organic P change were positive, whilst those for the other P forms were negative. This may be attributed to an addition of organic P to the soil profile via plant residue incorporation and a reduction in inorganic P content by crop uptake of P. Since the intercept of the total P regression was negative, crop uptake may have removed more P from the soil profile than was added in plant residue incorporation. content of P forms in the virgin and cultivated soil profile (75-cm depth) T Average change for all soils, superscript a designates statistically significant effect of erosion on soil nutrient status and superscript b designates statistically significant difference between virgin and cultivated anologues at the 5% level using the t test for paired data.
Effect of Sheet Erosion on Soil Fertility
The various chemical, physical, and biological properties determined in this and the earlier study (Smith and Young, 1975) provided data adequate to simulate the effect of sheet erosion on the fertility of the virgin and cultivated soils. Information on changes in the N, C, P, and pH status of the soil profiles has already been given, and it is sufficient to note here that cultivation had little effect on the exchangeable K and CEC of the soils (Fig. 2 and Table 2 ). Because the exchangeable K and CEC status of the selected soils varied little with depth, these properties are not included in the simulated erosion assessment. Values for all the analyses carried out on the eight soils are given by Sharpley and Smith (1983) .
The effect of soil erosion on the fertility of the virgin and cultivated soils was simulated by calculating the P, N, and organic C content of the soil profile to a depth of 75 cm. It was then assumed that the top 15 cm of soil (average plow layer) had been removed by sheet erosion, and the nutrient content to the new 75-cm depth recalculated, using the 75-to 90-cm depth. For Caribou virgin and Fargo virgin and cultivated soils the nutrient contents of the 60-to 90-and 75-to 90-cm depths, respectively, were assumed to be the same as the 45-to 60-and 60-to 75-cm depths, respectively. The nutrient content of a 75-cm profile was calculated, as this depth will include the rooting zone of most crops grown on the selected soils.
The percent change in nutrient content of the eight virgin and cultivated soils following simulated erosion of the surface 15 cm is presented in Tables 4 and 5 . It is apparent that this erosion would produce a reduction in the fertility of the eight soils studied. This was most dramatic for Fargo soil, where respective decreases in available P, mineralizable N, and organic C contents of 58, 57, and 58% for virgin and 72, 40, and 31% for cultivated soils were accompanied by a 105 and 195% increase in P sorption index. When the average change for all the virgin soils is calculated, a significant reduction in the total P (10%), organic P (18%), total N (29%), mineralizable N (46%), and organic C (31%) contents can occur with sheet erosion (Tables 4 and 5 ). For the cultivated soils a significant reduction was obtained for inorganic P (16%), total N (20%), mineralizable N (35%), and organic carbon (22%) contents. As fertilizer P is not expected to move below the 15-cm depth, P sorption in- T Average change for all soils, superscript a designates statistically significant effect of erosion on soil nutrient status and superscript b designates statistically significant difference between virgin and cultivated analogues at the 5% level using the t test for paired data.
dices of the top 15 cm of uneroded and eroded soil are compared. Loss of the surface 15 cm of soil can result in respective increases in P sorption index of 51 and 52% in the surface 15 cm of virgin and cultivated soils. Consequently, a greater proportion of applied fertilizer P will become unavailable for plant uptake, due to sorption of P by soil material. In effect, higher fertilizer P application rates will be needed to maintain the available P content of the eroded soil equal to that of the uneroded soil. Although simulated sheet erosion of the virgin soils produced a generally greater effect on soil fertility of the virgin than cultivated soils, it was only significant for organic P and mineralizable N (Tables 4 and 5 ). This may be attributed to a greater concentration of P, N, and C forms in the surface 0 to 15 cm of virgin compared to cultivated soil ( Fig. I and 2 ; Smith and Young, 1975) . In addition, simulated sheet erosion of the virgin and cultivated soils resulted in a smaller decrease in the average content of P than N forms in the soil profile (Tables  4 and 5 ). This may be due to a greater concentration of N in the surface soil and a more rapid decrease with depth (Smith and Young, 1975 ) than for P (Fig. 1) . This is consistent with field observations of fertilizer P and N responses when surface soil horizons have been removed by leveling. Engelstad and Shrader (1961) found that when the subsoil of Marshall silt loam in Iowa was exposed by leveling, only N fertilizer was needed to give corn yields equal to those on undisturbed soil. Similarly, Carlson et al. (1961) and Ruess and Campbell (1961) observed that when the surface 30 cm of Gardena fine sandy loam in North Dakota and Keiser clay loam in Montana, respectively, were removed during leveling and corn planted, N was the most deficient element. Statistical analysis by the latter authors indicated a highly significant N effect, but no P effect as such, although a significant N X P interaction was obtained. Furthermore, Hays et al. (1948) and Whitney et al. (1950) concluded from erosion and leveling experiments on permeable soils, that the loss of surface soil represented essentially a loss of N.
SUMMARY AND CONCLUSIONS
The eight soil series used in this study represent major agricultural areas of the United States. As average to above-average management treatments are represented by the cultivated soils, results obtained should reflect typical, present-day situations. Cultivation and fertilization in an increase in the inorganic (118%) and available P (85%) content and a decrease in organic P (43%) content and P sorption index (33%) of the surface horizon soils compared to their virgin analogues. The subsoils, however, were relatively unaffected by cultivation. Such an increase in soil profile heterogeneity with cultivation has been suggested' by Russell (1978) .
Although the total N/organic P ratio was not affected by cultivation in the majority of soils an increase was observed for Caribou, Fargo, and Houston Black soils compared to the virgin analogue. Thus, cultivation may have increased the mineralization of organic P compared to N in these soils and/or that the N/organic P ratio of the crop residue added during cultivation may have been higher than that of the natural vegetation. This is in contrast to the findings of Thompson et al. (1954) , where a decrease in the N/organic P ratio of 25 surface (0-15 cm) Iowa, Texas, and Colorado soils was observed with cultivation compared to virgin sites.
Sheet erosion of the surface 15 cm of soil would significantly reduce the fertility of the eight soils studied. Averaged for the eight virgin and cultivated soils, the content of P, N, and C forms decreased following simulated sheet erosion, while P sorption capacity increased. It was apparent, however, that simulated sheet erosion had a less dramatic effect on the P status of the soil profile than was observed for N forms. In the short term, erosion would result in an increase in recommended fertilizer P and N rates for most soils. Over a long term, however, the reduction in P, N, and organic C content of the rooting zone following erosion will lead to a reduction in soil structure and natural replenishment of nutrients available for plant uptake. These effects will be less pronounced for P than for N.
